High-resolution studies of domain configurations in Langmuir-Blodgett films of ferroelectric polymer poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE), have been carried out by means of piezoresponse force microscopy (PFM). Changes in film thickness and morphology cause significant variations in polarization patterns. In continuous films and nanomesas with relatively low thickness/grain aspect ratio (<1/10), the relationship between the average domain size and thickness follows the Kittel law. Nanomesas with high aspect ratio (>1/5) exhibit significant deviations from this law, suggesting additional surface-energy-related mechanisms affecting the domain patterns. Polarization reversal within a single crystallite has been demonstrated and local switching parameters (coercive voltage and remnant piezoresponse) have been measured by monitoring the local hysteresis loops. Reliable control of polarization at the sub-grain level demonstrates a possibility of studying the mechanism of the intrinsic switching behavior down to the molecular scale.
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Introduction
Reorientation of spontaneous polarization of ferroelectric materials by an external electric field opens up the possibility of electrical control of their functional properties and provides a physical basis for a number of electronic device applications, such as nonvolatile memories and mass data storage. While most fundamental studies and engineering efforts until recently have been focused on inorganic ferroelectrics, advances in materials design and synthesis of new organic solids has drawn more attention to organic ferroelectric compounds. Poly(vinylidene fluoridetrifluoroethylene), P(VDF-TrFE), is the best known and most widely used ferroelectric polymer because of its relatively high polarization value and electromechanical activity [1, 2] . In spite of a very high coercive field required for switching [3] , discovery of ferroelectricity in ultrathin P(VDF-TrFE) films with demonstrated electrical switchability in the range of just several volts [4] makes integration of these films into allorganic electronic systems more feasible. Recent fabrication of highly ordered arrays of P(VDF-TrFE) nanomesas for nonvolatile memories [5] underscored the importance of improving crystallinity to attain spatially uniform switching properties for device applications.
In view of rapidly progressing technology scaling, investigation of static and dynamic properties of ferroelectrics at the nanoscale becomes increasingly important. Polymer ferroelectric films, where thickness can be reduced down to a single molecular layer, can be considered as the model system for addressing fundamentally important issues of critical thickness and intrinsic switching behavior. While investigation of the switching properties and polarization stability in polymer ferroelectrics have been studied extensively on the macroscopic level [6] , examining the properties of nanoscale structures requires application of techniques capable of testing their static and dynamic polarization behavior with the appropriate spatial and time resolution.
Currently, piezoresponse force microscopy (PFM) is the most widely used technique for nanoscale characterization of the static and dynamic polarization behavior in ferroelectrics. The advantage of PFM is that it allows simultaneous highresolution topographic and polarization imaging along with controlled nanoscale modification of the domain structure. Historically, due to their strong piezoelectric activity, PVDF films have been chosen as a model material system to test the viability of the piezoresponse method and to perform electromechanical imaging of poled domains [7, 8] . Recently, extensive studies of the relaxation and switching behavior in Langmuir-Blodgett P(VDF-TrFE) films have been carried out by means of PFM [9, 10] . A combination of macroscopic electrical measurements and PFM switching studies has been employed to discern the mechanism of polarization switching kinetics in spun-on PVDF films [11] .
However, very few reports have succeeded in unambiguous high-resolution detection of polarization [12] as the PFM signal is strongly influenced by electrostatic tip-sample contributions, by the presence of amorphous phase and complex morphology, and can additionally be affected by morphological instability as a result of electrically induced decomposition of the polymer sample. Thus, manipulation of polarization at the molecular level and addressing the scaling behavior in ferroelectric polymers is still an unsolved challenge.
In this paper, we report the results of high-resolution PFM studies of domain configurations in ultrathin LangmuirBlodgett P(VDF-TrFE) films to address the effect of film thickness and morphology on polarization patterns. Nanoscale imaging and control of polarization at the sub-grain level demonstrates a possibility of studying the intrinsic switching behavior and critical thickness effect on polarization stability.
Experimental section
Ultrathin films of ferroelectric copolymer P(VDF-TrFE) with a molar content ratio of 80:20 were fabricated on highly doped (0.001-0.005 cm) Si substrates using a horizontal Schaefer variation of the Langmuir-Blodgett (LB) transfer technique. A Langmuir layer was dispersed on an ultrapure water subphase from a 0.05% solution of P(VDF-TrFE) in dimethyl sulfoxide. Then films were deposited by touching the surface with an Si substrate. Deposition was carried out at a constant subphase surface pressure of 5 mN m −1 and temperature of 25 • C. Film thickness was controlled by the number of deposition cycles. After deposition, the films were annealed at 130
• C for a period of 90 min with subsequent cooling to room temperature at a rate of 1
• C min −1 in a microprocessor-controlled forced air oven. The PVDF-TrFE copolymer does not form a true single molecular layer and, as such, the average thickness of a nominal monolayer (ML), i.e. a layer obtained during a single transfer cycle, is about 1.8 nm. The ML thickness was obtained from the cross-sectional analysis of the topographic AFM images. Further details of film preparation can be found elsewhere [13, 14] . In the present work, a set of P(VDF-TrFE) films with thicknesses of 1, 3, 6 and 12 ML have been studied. Film morphology and grain sizes were controlled by subjecting the films to additional annealing under the same conditions as above. Detailed studies of the effect of annealing conditions on P(VDF-TrFE) film morphology are reported in [15, 16] . In piezoresponse imaging of ferroelectrics, a periodic bias V tip = V 0 cos ωt with amplitude V 0 well below the coercive voltage is applied to the probing tip in contact with the surface. Due to the converse piezoelectric effect, application of the periodic bias results in a surface displacement z = z 0 cos(ωt + ϕ), detected by the same tip. By scanning the top surface with the voltage-modulated tip, the two-dimensional maps of piezoresponse amplitude z 0 and piezoresponse phase ϕ can be generated along with the conventional topographic image. While in domains with out-of-plane polarization the local PFM amplitude signal is determined by the value of the effective piezocoefficient d eff and is a linear function of the modulation voltage, i.e. z 0 = d eff V tip , the PFM phase signal changes from 0
• for domains with the polarization direction coinciding with the applied field to 180
• for domains directed in the opposite direction. For a ferroelectric sample containing only antiparallel domains with out-of-plane polarization this imaging method produces a PFM phase image consisting of dark and bright regions, while a PFM amplitude image exhibits dark lines on the bright background representing 180
• domain walls [17] .
A commercial atomic force microscope (Asylum MFP-3D) was used in this study. Domain visualization has been performed by applying a high-frequency modulating voltage (400-800 kHz, 1.0-1.5 V), using Pt-Ti-coated silicon (Mikromasch) and Au-coated SiN tips (Olympus). Local piezoelectric hysteresis loops were measured in fixed locations on the film as a function of a dc bias superimposed on ac modulation voltage.
Results and discussion
On the molecular level, ferroelectric polarization in P(VDFTrFE) arises from alignment of molecular dipoles formed by positive hydrogen ions and negative fluorine ions. Figure 1 shows the molecular structure of P(VDF-TrFE) which consists of -CH 2 -CF 2 -and -CHF-CF 2 -units rigidly attached to the main-chain carbon atoms [6] . The all-trans molecular conformation results in the dipoles oriented perpendicular to the chain axis and polarization reversal is associated with rotation of these dipoles about the molecular chain. In the crystalline β phase, molecules tend to pack parallel to each other forming a quasi-hexagonal orthorhombic structure with a lattice spacing of approximately 0.5 nm along the polar axis. In this work, P(VDF-TrFE) films with a molar content ratio of 80:20 of various morphological structures and thicknesses were investigated. Figure 2 shows topographic and PFM images of the P(VDF-TrFE) film subjected to one cycle of annealing with a thickness of 12 ML [18] . The topographic image reveals a morphological structure consisting of grains from 200 to 600 nm in lateral dimensions with rather diffused grain boundaries and average root-mean-square roughness of 7.96 nm over a 1 × 1 μm 2 area. The vertical PFM amplitude image of the film ( figure 2(b) ) generally exhibits a saturated signal indicative of uniform polarization which, given the local switching data, extends through the film thickness from the bottom to the top interface. Given that the polarization vector is nearly perpendicular to the chain axis, a high value of the PFM amplitude signal suggests that the molecular chains in these crystallites are aligned parallel to the substrate, which is the usual case for Langmuir-Blodgett films of this polymer. Domain walls appear as narrow dark lines with a characteristically weak amplitude signal and a smallest measured width of 6 nm.
This value, which is almost an order of magnitude larger than the real physical thickness of the domain wall in ferroelectrics (1-2 unit cells), is a consequence of the finite size of the probing tip and tip-sample contact area. Significant widening of the domain walls in the PFM amplitude observed in some areas might be a result of the presence of amorphous non-polar phase or non-through domains with head-to-head or tail-to-tail configuration. The PFM phase signal (figure 2(c)) changes by 180
• across the domain walls, indicating antiparallel domains with polarization normal to the film surface. Specifically, bright regions correspond to domains with polarization up and dark regions indicate domains with polarization down.
A second annealing of the 12 ML thick sample resulted in a profound change in the film morphology and polarization distribution. Large grains transformed into ricelike elongated crystallites approximately 200 nm long and 50 nm wide ( figure 3(a) ) forming a surface with root-meansquare roughness of 6.25 nm over a 1 × 1 μm 2 area. A similar structure has recently been reported by a group from Kyoto University [19, 20] . As can be seen from the PFM images in figures 3(b) and (c), the morphological changes are accompanied by a significant reduction of the average domain size. Voids between the rice-like crystallites could cause additional variations in the PFM amplitude signal in figure 3(b) .
To obtain a quantitative description of the polarization distribution, the PFM data have been processed using the image analysis program WSxM v2.2 (Nanotec Electronica) [21] . The average domain size has been estimated by means of autocorrelation analysis. The three-dimensional auto-correlation images (figures 2(d) and 3(d)) have been obtained from the original PFM phase images by using a transformation of the following form: where D(x, y) is the PFM phase signal at a point in the image and D(x + r 1 , y + r 2 ) is the PFM phase signal at a point translated by (r 1 , r 2 ) from the original reference point. In the auto-correlation image, the peak corresponds to the average size of the areas with correlated polarization, i.e. with the same polarization direction. Only a short range correlation length term was taken into account and the term which accounts for the long range correlation length has been excluded as it is affected by the non-uniform morphology of the films. The behavior of the average auto-correlation function was fitted with the formula [22] 
where A is the normalization constant, r is the radius from the center of the image, ξ is the correlation length and h is a parameter (0 < h < 1). Equation (2) describes the short range correlation analysis and provides the correlation length ξ averaged over all azimuthal directions. The best fit yields values of the correlation length ξ = 94 nm for the 12 ML film annealed once and ξ = 18 nm for the 12 ML film annealed twice (figure 4) with the exponent value h = 0.8. The average domain size is approximately twice the correlation length. Hence, the correlation analysis quantifies the decrease in the average domain size as a function of morphological changes.
We continued our studies by analyzing polarization distribution in 3 ML P(VDF-TrFE) films which, depending on annealing conditions, exhibited a drastically different morphology. Specifically, the 3 ML films were not continuous but displayed either regions of irregular nanomesas of 200-500 nm in size ( figure 5(a) ) [23] or regions with a meshlike structure, which we refer to as a nanowell structure ( figure 6(a) ). PFM imaging of these structures revealed qualitatively different domain patterns. While relatively large domains were observed in nanomesas (figures 5(b) and (c)), domains in the nanowell structures were much smaller in size (figures 6(b) and (c)). Auto-correlation analysis of the PFM data (figures 5(d) and 6(d)) provided a quantitative insight into the polarization distribution. Namely, the correlation length was found to be 37 nm in 3 ML nanomesas shown in figure 5 and 12 nm in 3 ML films with nanowell structure in figure 6 . Domain distribution also strongly depends on film thickness which has been measured using cross-sectional analysis of the topographic images. It has been found that in continuous films and nanomesas with a relatively low thickness/size aspect ratio (<1/10), the average domain size w and film thickness d are related via a well-known Kittel relation, w = K d 1/2 , where the constant K describes a balance between the domain wall and electrostatic energies (figure 7) [24, 25] . On the other hand, films with rice-like grains and mesas with high thickness/grain aspect ratio (>1/5) exhibit significant deviations from this law.
It is known that, in the absence of the electrodes, domain formation is one of the main mechanisms of minimization of the free energy of a ferroelectric sample. However, for films with high thickness/grain aspect ratio, effects associated with the surface energy can contribute significantly to the formation of thermodynamically stable domain structures. Transformation of P(VDF-TrFE) films after annealing into the nanomesas or nanowell structures is governed by a variation of the surface tension at the film-substrate interface. It can be assumed that, in the nanomesas with high aspect ratio, an increase in the surface energy makes formation of additional domain walls energetically unfavorable, thus resulting in larger domains. On the other hand, in continuous films, the surface energy is significantly decreased allowing formation of smaller antiparallel 180
• domains as a means of reducing the overall free energy. Clearly, additional studies on domain structures as a function of annealing conditions are required to clarify the competition between thermodynamically and kinetically driven processes of domain formation.
Testing of the switching behavior in individual mesas has been performed by applying a single voltage pulse through the tip in contact with the mesa surface followed by PFM imaging of the resulting domain pattern. Figure 8 shows representative PFM phase images of a mesa in the 3 ML film of approximately 200 nm in size. As can be seen, initially the mesa is in a poly-domain state ( figure 8(a) ). Application of a voltage pulse reverses polarization in the grain, as is illustrated by the change of the PFM contrast ( figure 8(b) ). Naturally, the size of the switched area depends strongly on the parameters of the switching pulse, with a smallest written domain being about 30 nm in size. This field-dependent behavior along with the imaging resolution of 6 nm allows direct studies of domain switching dynamics in nanoscale P(VDF-TrFE) mesas.
To get additional insight into the local switching behavior, measurements of the local hysteresis loops have been carried out (figure 9) in the remanent (field-off) state. It has been found that the films do not show any imprint behavior, i.e. the switching is quite symmetric, as there is no disparity between positive and negative coercive voltages. The fact that the loop does not saturate can be attributed to an increased electrostatic contribution at a high bias. Further studies of local switching behavior are underway in our group.
Conclusion
In summary, high-resolution PFM studies of ultrathin polymer P(VDF-TrFE) films showed significant variations of domain patterns with changes in film morphology and thickness. It has been found that, for continuous films and nanomesas with relatively low thickness/grain aspect ratio (<1/10), the relationship between the average domain size and thickness follows the Kittel law, while films with rice-like grains and nanomesas with high aspect ratio (>1/5) exhibit significant deviations from this law, suggesting additional surface-energyrelated mechanisms affecting domain patterns. Polarization reversal within a single crystallite has been demonstrated and local switching parameters (coercive voltage and remnant piezoresponse) have been measured by monitoring the local hysteresis loops. Reliable control of polarization at the sub-grain level demonstrates a possibility of studying the mechanism of the intrinsic switching behavior down to the molecular scale.
